Pseudomonas aeruginosa is an opportunistic human pathogen which relies on several intercellular signaling systems for optimum population density-dependent regulation of virulence genes. The Pseudomonas quinolone signal (PQS) is a 3-hydroxy-4-quinolone with a 2-alkyl substitution which is synthesized by the condensation of anthranilic acid with a 3-keto-fatty acid. The pqsABCDE operon has been identified as being necessary for PQS production, and the pqsA gene encodes a predicted protein with homology to acyl coenzyme A (acyl-CoA) ligases. In order to elucidate the first step of the 4-quinolone synthesis pathway in P. aeruginosa, we have characterized the function of the pqsA gene product. Extracts prepared from Escherichia coli expressing PqsA were shown to catalyze the formation of anthraniloyl-CoA from anthranilate, ATP, and CoA. The PqsA protein was purified as a recombinant His-tagged polypeptide, and this protein was shown to have anthranilate-CoA ligase activity. The enzyme was active on a variety of aromatic substrates, including benzoate and chloro and fluoro derivatives of anthranilate. Inhibition of PQS formation in vivo was observed for the chloro-and fluoroanthranilate derivatives, as well as for several analogs which were not PqsA enzymatic substrates. These results indicate that the PqsA protein is responsible for priming anthranilate for entry into the PQS biosynthetic pathway and that this enzyme may serve as a useful in vitro indicator for potential agents to disrupt quinolone signaling in P. aeruginosa.
Pseudomonas aeruginosa is a common environmental organism and also an opportunistic human pathogen. A large number of the virulence factors which it produces during infection are regulated by low-molecular-weight molecules which are part of the cell-to-cell signaling systems of this organism. One class of signals, which are common in gram-negative bacteria, is the acyl homoserine lactone molecules. In the case of P. aeruginosa, the molecules in this class are N-(3-oxo-dodecanoyl)-L-homoserine lactone, which is the signal of the las quorum-sensing system, and N-butanoyl-homoserine lactone, which is the signal of the rhl quorum-sensing system (28, 40, (43) (44) (45) . The second signal class, the members of which thus far appear to be synthesized only by P. aeruginosa and certain Burkholderia species (22) , is based on the 2-alkyl-4-quinolone structure. The compound 2-heptyl-3-hydroxy-4-quinolone, referred to as the Pseudomonas quinolone signal (PQS), has been shown to control the expression of multiple virulence factors in P. aeruginosa (20, 37, 47) . PQS has been shown to act as a ligand for PqsR, the transcriptional activator which controls the pqsABCDE operon (57) . The biosynthesis of PQS appears to involve the condensation of anthranilate with a 10-carbon fatty acid and requires the expression of multiple genetic operons ( Fig. 1) (10, 12, 19, 27) . Based on protein similarities, the pqsABCDE operon is thought to code for the activating and condensation enzymes (except for pqsE, which is not required for biosynthesis but is required for PQS signaling) (27) . The pqsH gene, at another chromosomal location, is most likely responsible for the introduction of the 3-hydroxy group (21, 27) . The anthranilate precursor can be derived either from a unique anthranilate synthase operon (phnAB), from tryptophan via the kynurenine pathway, or from exogenous anthranilate (26) .
To elucidate the actual biosynthetic route to PQS, this study focused on establishing the role of the pqsA gene product. The predicted PqsA protein is homologous to a variety of acyl coenzyme A (acyl-CoA) ligases, and the obvious role of PqsA is to convert either anthranilate or the 10-carbon fatty acid into a CoA thioester. This product would then be the precursor for the condensation steps that give the final 4-quinolone framework. In this report, we show that PqsA is responsible for anthranilate activation and provide the initial biochemical characterization of this enzyme. We also provide data to show that this enzyme may be useful as a means to screen inhibitors of PQS biosynthesis.
pSLM20. The expression of His-tagged PqsA was accomplished using plasmid pMWC-trc996. This plasmid was constructed using the same strategy described above by ligating a PCR-derived DNA fragment that contained the coding region of pqsA into pTrcHis A (Invitrogen). Primers containing an upstream BamHI site and a downstream HindIII site were used in this case to enable cloning of the PCR fragment into the respective sites of the vector. The pqsA gene with a sequence encoding a His tag was also inserted into the E. coli-P. aeruginosa shuttle vector plasmid pUCP18 to generate plasmid pCAL996H for use in complementation experiments. This insertion was accomplished by digesting pMWC-trc996 with SphI and HindIII and ligating the resulting 3,333-bp fragment to pUCP18 that had been digested with the same enzymes. All gene fusions were sequenced to ensure cloning integrity.
In vivo PQS synthesis inhibition assays. One-milliliter aliquots of a P. aeruginosa strain PAO1 subculture, adjusted to an A 660 of 0.05 with fresh medium, were added to tubes with and without anthranilate analogs at a final concentration of 1 mM, and the tubes were incubated for 24 h at 37°C with shaking (all chemicals and enzymes were purchased from Sigma-Aldrich, Inc.). At 24 h, culture optical densities were measured to ensure that no growth inhibition had occurred, and 900 l of acidified ethyl acetate was added to 300 l of cell culture. After vortexing for 1 min and centrifugation at 16,000 ϫ g for 5 min, an 800-l aliquot of the organic layer was transferred to a new tube and the solvent was evaporated to dryness. For thin-layer chromatography (TLC) analysis, the dried extract was dissolved in 50 l of 1:1 acidified ethyl acetate-acetonitrile and 5 l of each extract was resolved by TLC as described previously (12) . Fifty nanograms of synthetic PQS was also loaded as a standard. The resolved plates were photographed under long-wave UV light. For the comparison of PQS production in untreated strain PAO1 versus that in analog-treated strain PAO1, extracts in decreasing amounts were resolved by TLC as described above and digitized images of the resulting PQS spots were quantitated using ImageQuant software (version 3.3; Molecular Dynamics).
CoA ligase activity assays. Continuous assays with anthranilate as the substrate were performed as described elsewhere (58) with 0.5-ml reaction mixtures containing 100 mM HEPES, pH 8.0, 0.2 mM dithiothreitol (DTT), 2 mM MgCl 2, 0.4 mM CoA, 1 mM ATP, and protein. After equilibration of the mixture in the sample cuvette at 37°C for 1 min, reactions were initiated by the addition of anthranilate (potassium salt) to a final concentration of 0.5 mM. The formation of anthraniloyl-CoA was monitored at 365 nm. The extinction coefficient at 365 nm (ε 365 ) was 5.5 mM Ϫ1 ⅐ cm Ϫ1 . The effect of inhibitors on the formation of anthraniloyl-CoA was monitored using the same conditions. The optimum reaction mixture pH was determined using the same reaction mixture described above except that 100 mM HEPES was replaced by 100 mM Tris-HCl buffer set to pHs of 7.0, 7.5, 8.0, 8.5, and 9.0.
Alternative substrates were assayed using either the same conditions as those for anthranilate or a continuous coupled assay mixture containing the following, in a final volume of 1 ml: 100 mM HEPES, pH 7.5, 1 mM DTT, 10 mM MgCl 2 , 1.5 mM ATP, 0.4 mM CoA, 0.24 mM NADH, 1.5 mM phosphoenolpyruvate, myokinase (7.2 U), pyruvate kinase (2 U), lactate dehydrogenase (2.8 U), and 1 mM substrate. After equilibration of the reaction mixtures at 37°C for 1 min, reactions were initiated by the addition of purified PqsA protein. Depending on product CoA thioester absorption, NADH oxidation was monitored at either 334, 340, or 365 nm (ε 334 ϭ 6.15 mM Ϫ1 ⅐ cm
Ϫ1
; ε 340 ϭ 6.3 mM
) (6) . A two-step process was also used in assays with anthranilate analogs to qualitatively verify product formation or reaction inhibition. These reaction mixtures (0.5 ml) had the same composition as that for the direct assay with 1 mM substrate. Before the addition of the enzyme, a 0.25-ml aliquot was removed to be used as a time zero blank. The enzyme was then added to the remaining 0.25-ml sample, and the reaction mixture was incubated at 37°C for 10 min before the addition of 35 l of formic acid to both the blank and the reaction sample. Samples were placed on ice for 5 min and then centrifuged (16,000 ϫ g) for 5 min in a tabletop microcentrifuge. Each reaction sample was read in an FIG. 1. Proposed pathway for PQS biosynthesis. Anthranilate is activated by PqsA to form anthraniloyl-CoA, and this is condensed with 2-oxo-decanoyl-ACP which is recruited from the fatty acid biosynthetic pathway. The recruitment and condensation are postulated to be catalyzed by PqsB, PqsC, and PqsD. The resulting 2-heptyl-4-quinolone is then hydroxylated at the third carbon by the PqsH monooxygenase to produce PQS.
ND-1000 spectrophotometer (NanoDrop Technologies, Inc.) in scan mode between 250 and 400 nm, after blanking with the corresponding time zero sample. The absorbance at the max for each individual product was recorded and expressed relative to the absorbance obtained with anthranilate as a substrate at 365 nm. The amount of enzyme used was pretested to give a linear reaction over the 10-min time course with anthranilate as a substrate.
Thioester formation with acyl carrier protein (ACP) was tested using the filter paper precipitation assay (50) MO) , and enzyme. Control reaction mixtures had individual substrates omitted. Time zero samples were removed before the addition of the enzyme. Reaction mixtures were incubated for 10 min at 37°C, and then aliquots were spotted onto Whatman 3MM filter paper disks (2.4 cm in diameter). The disks were washed twice in chloroform-methanol-acetic acid (10:20:3, vol/vol/ vol), air dried, and then subjected to liquid scintillation counting.
Heterologous expression and purification of anthranilate-CoA ligase. The native enzyme was purified using the following procedure. E. coli strain Rosetta 2(DE3) containing pSLM20 was grown to an optical density at 600 nm of 0.6, IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to 1 mM, and growth was continued for 2 h. After harvesting of the cells, cell pellets were suspended in 2 volumes of a mixture of 100 mM Tris-HCl, 2 mM MgCl 2 , and 2 mM DTT, pH 7.8 (buffer A), and disrupted by two passages through a French pressure cell. The lysate was centrifuged at 12,000 ϫ g for 30 min to remove cell debris and then subjected to centrifugation at 100,000 ϫ g for 30 min. The supernatant was brought to 35% saturation by the addition of solid ammonium sulfate and centrifuged at 12,000 ϫ g for 30 min. The supernatant was removed and brought to 50% saturation with solid ammonium sulfate and centrifuged as described above. The 35 to 50% ammonium sulfate fractionation pellet was resuspended in buffer A containing 0.5 M ammonium sulfate (buffer B) and applied to a butylSepharose 4 fast-flow column (2.5 by 6.0 cm; Amersham) at a flow rate of 1.2 ml/min. The column was washed with buffer B until the A 280 baseline had returned to 0, and then bound protein was eluted with a 50-ml-decreasing salt gradient (0.5 to 0 M ammonium sulfate in buffer A). Active fractions were diluted 1:1 with a mixture of 20 mM triethanolamine, 0.2 M NaCl, and 1 mM DTT, pH 7.8 (buffer Q), and applied to a HiTrap Q HP column (5 ml; Amersham) equilibrated with buffer Q. The column was washed with buffer Q until the A 280 baseline had returned to 0, and then bound protein was eluted with a 40-ml linear gradient of 0.2 to 1.0 M NaCl.
The His-tagged protein was purified using the following procedure. E. coli strain Rosetta 2(DE3) containing pMWC-trc996 was grown, induced with 1 mM IPTG, harvested, and disrupted as described above. Lysates were centrifuged at 100,000 ϫ g. The supernatant was brought to 50% saturation by the addition of solid ammonium sulfate and then centrifuged at 12,000 ϫ g for 30 min. The pellet was resuspended in a 1:1 mixture of buffer A and His-Select wash buffer (10 mM imidazole, 0.3 M NaCl, 50 mM sodium phosphate, pH 8.0), and the suspension was applied in 200-mg batches to a 6.4-ml His-Select cartridge (Sigma-Aldrich). The column was washed with wash buffer until the A 280 baseline had returned to 0, and then bound proteins were eluted with His-Select elution buffer (250 mM imidazole, 0.3 M NaCl, 50 mM sodium phosphate, pH 8.0). The active fractions eluted from the His-Select cartridge were subjected to hydrophobic interaction chromatography on a butyl-Sepharose column and anion exchange chromatography on a HiTrap Q HP column as described above for the native enzyme.
Column fractions during purification were monitored by measurements at 280 and 260 nm with a NanoDrop ND-1000 spectrophotometer. Protein concentrations for enzyme assays and polyacrylamide gel electrophoresis (PAGE) analysis were determined by the Bradford assay using Bio-Rad reagents (9) .
Gel permeation chromatography. A column packed with Sephacryl S-200 (GE Healthcare, Piscataway, NJ) with bed dimensions of 1.5 by 47 cm was equilibrated with a mixture of 100 mM Tris-HCl, 200 mM NaCl, 2 mM DTT, and 2 mM MgCl 2 , pH 7.8, calibrated with marker proteins, and used to determine the mass of the PqsA protein. The flow rate was approximately 1.0 ml/min, and the elution of proteins was monitored at 280 nm using a Bio-Rad model EM-1 Econo UV monitor coupled to a Bio-Rad model 1327 Econo-Recorder. Gel filtration molecular mass markers (Sigma-Aldrich, St. Louis, MO) included blue dextran (2,000 kDa), sweet potato ␤-amylase (200 kDa), yeast alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), bovine erythrocyte carbonic anhydrase (29 kDa), and horse heart cytochrome c (12.4 kDa).
PAGE. Sodium dodecyl sulfate (SDS)-10% PAGE was performed by the method of Laemmli (36) .
Reaction product identification. To identify the anthranilate adduct formed, samples (0.4 ml) from a 2-ml enzymatic reaction mixture were removed at timed intervals, treated with 50 l of ice-cold formic acid, and centrifuged to remove precipitated protein. Samples (50 l) were evaporated to dryness and resuspended in 5 l of water, the suspensions were applied to silica gel G TLC plates (with fluorescent indicators) along with standards (synthetic anthraniloyl-CoA, anthranilic acid, and CoA), and the plates were developed with a butanol-acetic acid-water (60:35:25) solvent system. After drying under air, plates were photographed under 365-nm UV light. Synthetic anthraniloyl-CoA was prepared by the reaction of CoA with isatoic anhydride under the conditions described for the reaction of succinic anhydride with CoA (56) . For reactions to identify the fate of ATP, 200-l reaction mixtures were run under the continuous-assay conditions except that [8] [9] [10] [11] [12] [13] [14] C]ATP (51 mCi/mmol; MP Biomedicals Inc., Irvine, CA) was used in place of unlabeled ATP. Samples were removed at timed periods, and reactions were stopped with a 1/10 volume of cold formic acid. Following centrifugation, supernatant samples were applied to polyethyleneimine-cellulose plates along with ATP, ADP, and AMP standards. The plates were developed in 0.75 M Tris-0.45 M HCl (8) and then exposed to film to detect radiolabeled spots. A handheld UV lamp was used to determine the positions of standards.
Kinetic parameters and inhibitors. Kinetic constants for anthranilate-based compounds, ATP, and CoA were tested using the direct assay at 365 nm. Kinetic constants for benzoate-based compounds and 3-hydroxydecanoic acid were determined using the coupled assay at 340 nm. Kinetic constants were calculated by using direct linear plots (17) and Hanes plots (33). Inhibitors were tested using the direct assay by monitoring their effects on the reaction course with anthranilate as the substrate. Inhibition constants were calculated as described by Hamilton-Miller (32) .
RESULTS
PqsA has anthranilate-CoA ligase activity. Previous data from our laboratory and other groups showed that anthranilate was a direct precursor for PQS (10, 12, 16, 52) . Based on the structure of PQS and the proposed involvement of a condensation reaction between anthranilate and 3-oxo-decanoic acid in 4-quinolone synthesis, we expected that the carbon-carbon bond formation which occurs would involve a CoA-activated precursor. This prediction led us to consider that the possibilities for an activated precursor moiety were anthranilate and 3-oxo-decanoic acid. An examination of the pqsABCDE gene cluster showed that the pqsA reading frame encoded a protein with significant homology to numerous acyl-and aryl-CoA ligases. Therefore, we focused on the PqsA protein to determine if it was, in fact, a CoA ligase and whether it was responsible for the thioesterification of anthranilate or of a 3-oxodecanoic acid (or both). Using either the direct assay or the coupled assay, we were unable to demonstrate that anthranilate-CoA ligase activity was present in crude extracts prepared from P. aeruginosa strain PAO1. This result was due presumably to high levels of endogenous ATP hydrolysis or CoA esterase activity present in crude extracts of P. aeruginosa strain PAO1. For this reason, heterologously expressed native and N-terminal His-tagged PqsA proteins were purified after expression in E. coli. We found that crude E. coli cell lysates containing native PqsA demonstrated CoA ligase activity with anthranilate as a substrate (Fig. 2) . The control strains containing a vector plasmid had no such activity (Fig. 2) . In order to facilitate purification, we then repeated this experiment with His-tagged PqsA and determined that this recombinant enzyme had activity identical to that of the native protein (data not shown). (Note that as a control to ensure that the PqsAHis fusion had native activity, we showed that PQS production was fully complemented in a P. aeruginosa pqsA mutant that was transformed with a plasmid harboring this fusion [pCAL996H] [data not shown]). Subsequently, the His-tagged enzyme was used for all future assays because of the higher enzyme yield obtained with this form than with the native VOL. 190, 2008 PqsA CHARGES ANTHRANILATE WITH CoA 1249 protein and because of the ease of purification. The purification of His-tagged PqsA is summarized in Table 1 , and the results of an SDS-PAGE analysis of the purification steps are shown in Fig. 3 . The final preparation was estimated to be Ͼ95% homogenous by SDS-PAGE analysis and represented a purification factor of approximately 58-fold ( Table 1 ). The initial specific activity was estimated from the total yield in ammonium sulfate-precipitated fractions because of interfering activities in the crude extract. Most likely, this interference was due to ATPase activity or CoA esterase activity at this stage. Contaminating proteins present after the Ni-chelate column chromatography step were removed by sequential chromatography on butyl-Sepharose and HiTrap Q columns, though this resulted in a substantial decrease in the overall yield (16%) ( Table 1 ; Fig. 3 ). Molecular properties of anthranilate-CoA ligase. The native PqsA gene product is 516 amino acids in length and has a predicted molecular weight of 56,608, while the predicted molecular weight of the His-tagged PqsA gene product is 60,639. SDS-PAGE analyses of the His-tagged protein showed a molecular weight of approximately 57,000 (Fig. 3) . This anomalously fast migration may be due to the high hydrophobicity of this protein, which may cause a higher degree of SDS binding and consequently a higher charge-to-mass ratio (49) . In this regard, we also observed that PqsA bound very tightly to a phenyl-Sepharose matrix and was not effectively precipitated by the deoxycholate-trichloroacetic acid procedure which we have commonly used for preparing samples for SDS-PAGE analysis. Similarly strong binding to phenyl-Sepharose has been reported previously for the benzoate-CoA ligase from Rhodopseudomonas palustris (29) . Gel filtration of the enzyme on a calibrated column of Sephacryl S-200 indicated that the enzyme most likely exists as a native monomer, with an elution volume corresponding to a molecular weight of approximately 62,900 (data not shown). Most of the previously characterized aryl-CoA ligases have been shown to have similar subunit molecular weights and to exist either as monomers (7, 29, 38, 54) or dimers (34), though tetrameric (35) and octameric (2) structures have been reported.
Products and stoichiometry. In order to learn more about the enzymatic activity of PqsA, we measured several basic biochemical parameters. UV/visible spectra of reaction mixes containing anthranilate, CoA, ATP, and PqsA protein showed a time-dependent increase in absorbance with an observed maximum at ϳ365 nm, which is the maximal absorption wavelength of anthraniloyl-CoA (11) . TLC analyses of extracts of the reaction mixes sampled at timed intervals showed increased fluorescence in a band comigrating with chemically synthesized anthraniloyl-CoA (Fig. 4A) . No absorbance increase was observed with the methyl esterified derivative, methyl anthranilate (data not shown). This result is further evidence that the enzymatic reaction involves the carboxylic acid group of anthranilate. A comparison of reaction rates between the direct assay (responsive to the formation of anthraniloyl-CoA) and the coupled assay (responsive to the oxidation of NADH to regenerate ATP from either AMP or ADP) was consistent with a stoichiometry of 2 mol of NADH oxidized per mol of anthraniloyl-CoA formed. This pattern is consistent with the formation of AMP rather than ADP (58) and was confirmed by performing the assay with anthranilate, CoA, and [8- 14 C]ATP and subjecting the products to TLC analysis. Autoradiography of the TLC-separated reaction mixes FIG. 2. Dependence of CoA thioester formation on the presence of PqsA. The indicated amounts of crude extract protein prepared from E. coli Rosetta 2(DE3) cells containing either pSLM20 (f) or the control vector pEX1.8 (OE) were assayed as described in Materials and Methods by using the direct spectrophotometric assay with potassium anthranilate as the substrate. CoA thioester formation was monitored at 365 nm, the maximum of anthraniloyl-CoA. a Enzymatic activity values for the crude extract are extrapolated from the sum of the total activities in the pellet and the supernatant from the 50% ammonium sulfate precipitation. Interfering activities gave artificially low values when the activity in the crude extract was measured directly. demonstrated the conversion of the ATP substrate into AMP, with insignificant amounts of ADP formed (Fig. 4B) . Thus, the net reaction is as follows: anthranilate ϩ ATP ϩ coenzyme A 3 anthraniloyl-CoA ϩ AMP ϩ PP i . This reaction is in agreement with the two-step mechanism proposed for members of the CoA ligase family, which involves the formation of an initial adenylated intermediate which serves as the acyl donor to coenzyme A for thioester bond formation (13) . Kinetic and physicochemical properties. The pqsA-encoded enzyme displayed activity at physiological pH values, with demonstrable activity between pH 7.0 and pH 9.0 and an optimum at pH 8.5. Michaelis constants for anthranilate and select aromatic substrates are shown in Table 2 . The K m values for anthranilate, CoA, and ATP were 3, 22, and 71 M, respectively, as determined from Hanes plots (Fig. 5) . These values are all within physiological ranges and are similar to values obtained for other benzoate-and anthranilate-CoA ligases (1, 7, 54) .
Substrate specificity. In order to gain knowledge of the substrate specificity of the PqsA protein, we tested a variety of [8- 14 C]ATP in place of unlabeled ATP. Samples were treated and subjected to chromatography as described in Materials and Methods, and TLC plates were then exposed to X-ray film. Unlabeled ATP, ADP, and AMP were spotted alongside samples, and their positions were determined using a handheld UV lamp. 
N-Methylanthranilate ϩϩ
a Based on the observation of product formation in direct assays and in NanoDrop UV spectra. Symbols refer to the reaction rate relative to that with anthranilate as the substrate under identical reaction conditions. ϩϩϩ, Ͼ100%; ϩϩ, 50-100%; ϩ, Ͻ50%; Ϫ, no reaction.
b Based on direct assays at wavelengths determined by NanoDrop UV spectra and K m values calculated by the direct linear plot method (25) .
c Based on direct assays with anthranilate as the substrate with K i values calculated by the 50% inhibition method (32) .
d Determined from triplicate TLC assays as described in Materials and Methods. Results are means Ϯ standard deviations of PQS levels relative to that obtained with anthranilate as the substrate. 
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PqsA CHARGES ANTHRANILATE WITH CoA 1251 aromatic and aliphatic substrates using either the direct or the indirect assay. Activity on a variety of aromatic carboxylic acids with structural similarity to anthranilic acid was observed (Table 2). No activity was observed with acetate, decanoate, or 3-hydroxydecanoate (data not shown). An unblocked carboxylic acid group was required (no activity with anthranilate methyl ester) for enzymatic activity. However, analogs with substitutions on the amino group were active as substrates (N-methyl anthranilate). The presence of the amino group was not required, as activity was seen with the compound without substitutions (benzoate) and with 2-and 3-fluorobenzoates.
Aminobenzoates with halogen substitutions were active in general, with the highest reaction rates observed with the compounds with fluoro substitutions and the lowest observed with the compound with the 5-bromo substitution. Ring methyl substitutions on anthranilate resulted in decreased activity (5-methyl activity was greater than 3-methyl activity). Furthermore, reactions performed with E. coli ACP in place of CoA showed no thioester product (data not shown). Based on these results, it appears that the PqsA protein is a CoA ligase specific for aromatic carboxylic acid substrates. In vivo and in vitro inhibition studies. In order to determine if there is a correlation between the ability of compounds to inhibit in vivo PQS formation and their in vitro inhibition of one specific target, anthranilate-CoA ligase, we tested various anthranilate analogs for their effects on PQS production in vivo and also tested the same compounds for their effects on the anthranilate-CoA ligase reaction. The amount of PQS produced after the growth of P. aeruginosa in the presence of analogs was determined by the fluorescence of TLC-resolved extracts (Table 2 ). These same analogs were used in the anthranilate-CoA ligase direct assay to determine K m values (for compounds which were substrates) or K i values (for nonsubstrates). The anthranilates with chloro and fluoro substitutions were generally effective PQS synthesis inhibitors, and all except for the 3-chloro compound were effective substrates (tested at 1 mM). The anthranilates with 3-methyl, 5-methyl, and 3-methoxy substitutions were effective substrates but did not appear to inhibit PQS formation. As expected, four compounds which lacked a carboxyl group, anthranilonitrile, 5-nitroanthranilonitrile, methylanthranilate, and 3-fluoro-O-anisidine, did not function as substrates. However, all four significantly inhibited PQS formation. Although the most effective PQS synthesis inhibitor of the four, 5-nitroanthranilonitrile, had the lowest calculated K i (37 M), the inhibition constants for the other compounds did not correlate well with their degrees of inhibition of PQS synthesis. Nevertheless, the observations are consistent with a competitive inhibition mechanism, although action at other steps in the PQS pathway is possible. The same is true of the 2-hydroxy homolog of anthranilate, salicylate, which was not an effective substrate when tested at 1 mM but had a very low K i and inhibited PQS formation in vivo. No inhibition of activity with anthranilate as a substrate was observed with decanoate or 3-hydroxydecanoate in the reaction mix, evidence that aliphatic carboxylic acids are not the natural substrates for the enzyme. Overall, these results demonstrate that in vitro screening using the PqsA enzyme is of utility in identifying compounds of interest for disrupting PQS-mediated virulence factor expression.
DISCUSSION
The data presented in this work clearly demonstrate that the PqsA gene product has 2-aminobenzoate-CoA ligase activity. In the presence of anthranilate, ATP, and CoA, the purified enzyme catalyzed the formation of a product which comigrated on TLC plates with synthetic anthraniloyl-CoA. The product also had an absorption peak at 365 nm, which is in agreement with properties reported for anthraniloyl-CoA (11) . Although activity on other aromatic acids, including benzoate, was also observed, the presence of the PqsA gene in an operon required for PQS biosynthesis supports the prediction that the natural substrate for PqsA is anthranilate and that this enzyme serves to activate anthranilate as a priming step for entry into the PQS biosynthetic pathway, which involves the condensation (with decarboxylation) of a 10-carbon fatty acid with anthranilic acid. Biological condensation reactions such as this typically require that one or both of the substrates are activated as phosphopantetheine thioesters (with CoA or ACP) or, more rarely, as adenylates. Others have demonstrated this general scheme using isotope experiments along with mass spectrometry and nuclear magnetic resonance analyses (10, 16, 52) . As to the question of whether a CoA ligase is required for the activation of the anthranilate or the fatty acid, our data support a synthetic scheme whereby fatty acids are drawn from their biosynthetic pathway at the 10-carbon stage as ACP thioesters and funneled into the PQS biosynthetic pathway to condense with anthraniloyl-CoA (Fig. 1 ). This scheme is also an energetically more feasible mechanism than the alternative, since the de-esterification and reesterification of fatty acids from the biosynthetic pathway would seem wasteful. The question still remains as to the nature of the fatty acid cosubstrate. Specifically, is the fatty acid cosubstrate an ACP or a CoA thioester? If it is in the form of an ACP-linked substrate, the fatty acid could be used directly from the fatty acid biosynthesis pathway, as occurs in acyl homoserine lactone biosynthesis (39, 42) . Alternatively, it is possible that the fatty acid is transacylated from AcpP, which is involved in fatty acid biosynthesis, to one of the other two ACPs synthesized by P. aeruginosa, Acp1 (thought to be involved in acyl homoserine lactone biosynthesis) or Acp3 (51) . A transacylation such as this could be catalyzed by the pqsC or pqsD gene product and could proceed directly or through a CoA thioester intermediate. Alternatively, either of these same proteins may transacylate the fatty acyl-ACP into fatty acyl-CoA, which would then serve as the condensing substrate with anthraniloyl-CoA. In none of these cases would the fatty acid pass through a free carboxyl stage, so there would not seem to be a requirement for an acyl-CoA ligase to form CoA thioesters from free fatty acids. Anthranilate, on the other hand, would exist as the free acid form, whether drawn from its biosynthetic pathway or from exogenous sources, and would require an activating enzyme to form the CoA thioester.
The subunit size and monomeric native conformation of the PqsA protein are similar to those of other previously characterized carboxylic acid-CoA ligases. Its predicted amino acid sequence also is similar to those of confirmed CoA ligases that are active on acyl or aryl substrates. Most of the previously characterized aromatic acid-CoA ligases, including those with anthranilate-CoA ligase activity, are involved in catabolic re-actions during growth on aromatic substrates. It is interesting that a large number of predicted CoA synthase sequences are present in genomic databases and that the PqsA protein displays as high as 34% identity to most of these (data not shown). However, database searches revealed that PqsA has no very close relatives other than those corresponding to predicted open reading frames in other P. aeruginosa strains. Even in Burkholderia species which have a gene cluster homologous to pqsABCDE that appears to be part of an entire 4-quinolone biosynthetic operon, the identity between the PqsA homologs is only 31% (22) . The reason for this low degree of identity is unclear, but the low level may indicate that the PQS synthetic pathway evolved very early and diverged in the Pseudomonas and Burkholderia lineages. Key residues shown to be involved in catalysis in other CoA ligases are present (Fig. 6) , and a motif (residues 161 to 172; LQYTSGSTGAPK) of the adenylate-forming enzyme superfamily is also present (http://ca .expasy.org/prosite/-sequence PS00455) (15, 18) . This motif constitutes an AMP-binding domain which is involved in the initial adenylation reaction that precedes thioester bond formation in the acyl and aryl-CoA synthetase subfamily of this superfamily (3, 23, 53) .
Our earlier observation that PQS biosynthesis was inhibited by the methyl ester of anthranilate (12) led to the testing of other anthranilate analogs for their in vitro activity as substrates or inhibitors of the purified anthranilate-CoA ligase, followed by in vivo testing for effects on PQS synthesis. This in vitro assay allows for the rapid identification of potential inhibitors of PQS biosynthesis. We anticipated that useful analog inhibitors could be broadly categorized into those which were substrates and those which were not. Compounds which are not substrates may act as inhibitors by competitive binding to the anthranilate-binding site. Salicylate is in this category and has been shown previously to down-regulate virulence factor expression in P. aeruginosa (5, 48) . Compounds which are substrates may inhibit PQS formation either by competition at the anthranilate-binding site or by the inhibition of downstream enzymes in the PQS biosynthetic pathway by their CoA thioesters. The chlorinated and fluorinated anthranilate derivatives that were tested all inhibited PQS biosynthesis, and all except for 3-chloroanthanilate (2-amino-3-chlorobenzoate) served as substrates for the ligase when tested at 1 mM. There was no general correlation between the K m or K i and the effect on PQS synthesis, although the most effective synthesis inhibitor, 6-fluoroanthranilate, had the lowest K m (11 M) . It remains to be seen whether the inhibition of PQS synthesis by these compounds is due to competition with anthranilate or is caused by the inhibition of downstream enzymes by CoA thioesters that form through the action of PqsA on the anthranilate analogs. It is also possible that the inhibition of PQS biosynthesis may be the result of effects on the kynurenine pathway, which has been demonstrated to be an alternate route for the supply of anthranilate for PQS biosynthesis (26) . In any case, it is apparent that targeting specific parts of the PQS synthetic pathway will allow for the discovery of inhibitory compounds that will serve as potential therapeutics that decrease PQS production and thereby lessen P. aeruginosa virulence. (15, 18) . Gray and black shading designates similar and identical residues, respectively. Alignments were performed using AlignX (Vector NTI Advance; Invitrogen Corp.), and the figure was produced using 
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